Recently, we proposed space-time block coded-joint transmit/receive antenna diversity (STBC-JTRD) for narrow band transmission in a frequency-nonselective fading channel; it allows an arbitrary number of transmit antennas while limiting the number of receive antennas to 4. In this paper, we extend STBC-JTRD to the case of frequency-selective fading channels and propose frequency-domain STBC-JTRD for broadband direct sequence-spread spectrum (DSSS) signal transmission. A conditional bit error rate (BER) analysis is presented. The average BER performance in a frequency-selective Rayleigh fading is evaluated by MonteCarlo numerical computation method using the derived conditional BER and is confirmed by computer simulation of the signal transmission. Performance comparison between frequency-domain STBC-JTRD transmission and joint space-time transmit diversity (STTD) and frequency-domain equalization (FDE) reception is also presented.
Introduction
High speed data transmissions of over 100 Mbps are required for the next generation mobile communications systems. However, the mobile channel is composed of many propagation paths with different time delays, producing a severe frequency-selective fading channel, and therefore, the bit error rate (BER) performance significantly degrades due to a severe inter-symbol interference (ISI) [1] - [3] . Frequency-domain equalization (FDE) is an effective technique for improving the single-carrier (SC) transmission performance in a frequency-selective fading channel [4] . FDE can be applied to direct-sequence code division multiple access (DS-CDMA) to obtain a good BER performance similar to that of multi-carrier CDMA (MC-CDMA) [5] , [6] .
Another promising equalization technique is the frequency-domain pre-equalization (pre-FDE) transmission [7] - [9] . Recently, we had proposed pre-FDE for DS-CDMA and showed that it can achieve a good BER performance similar to FDE reception in a frequency-selective fading channel [10] . By using pre-FDE transmission and FDE reception, all the frequency-domain equalization processing can be implemented at only one transceiver side [10] performing pre-FDE, the channel state information (CSI) is necessary at the transmitter side. In a mobile communication system using time division duplex (TDD) [11] , the CSI can be estimated using the received signal since the same carrier frequency is used for both transmit and receive channels.) To further improve the DS-CDMA transmission performance, the antenna diversity technique can be used [1] - [3] . Joint pre-FDE and transmit antenna diversity was proposed in [9] , [10] . However, the use of antenna diversity reception for a pre-FDE transmission system is not straightforward since the signals received at different receive antennas cannot be coherently combined by using complex transmit weights only. To the best of authors' knowledge, there has been no literature available for joint use of pre-FDE transmission and antenna diversity reception. Recently, we proposed the space-time block codedjoint transmit/receive diversity (STBC-JTRD) for narrowband SC transmission in a frequency-nonselective fading channel [12] , [13] . An arbitrary number of transmit antennas can be used while the number of receive antennas is limited to 4. It should be noted that STBC-JTRD can achieve the receive antenna diversity gain without requiring the CSI at the receiver side. In this paper, we extend the STBC-JTRD [12] , [13] to the case of frequency-selective fading channel and propose a frequency-domain STBC-JTRD for broadband direct-sequence spread spectrum (DSSS) transmission.
The remainder of this paper is organized as follows. Section 2 introduces the principle of STBC-JTRD encoding/decoding. Section 3 describes the frequency-domain STBC-JTRD for DSSS. The pre-equalization weight based on minimum mean square error (MMSE) criterion is derived in Sect. 4. The conditional BER analysis is presented in Sect. 5. In Sect. 6, the average BER performance is numerically evaluated by Monte-Carlo numerical computation method using the derived conditional BER and is confirmed by computer simulation of the signal transmission. Section 7 offers some conclusions.
is encoded into N t parallel codewords; each codeword consists of Q symbols and is transmitted from one of the N t transmit antennas. A combination of J and Q is shown in Table 1 for a number N r 1-4 of receive antennas. As discussed in [13] , the signals to be transmitted from N t transmit antennas are multiplied by the corresponding complex transmit weights to achieve a diversity gain similart to N rbranch maximal ratio combining (MRC) receive diversity by performing STBC-JTRD decoding at the receiver. However, since the noise power after STBC-JTRD decoding is increased by N r times compared to N t × N r -branch MRC receive diversity, the diversity gain is reduced by 10 log N r (dB) from N t × N r -branch MRC receive diversity. The STBC-JTRD decoding requires the addition/subtraction and conjugate operations, but requires no channel state information (CSI).
As an example, N r = 2, we have J = Q = 2 and STBC-JTRD encoding is expressed as [13] 
where s q,n is the coded symbol to be transmitted from the nth transmit antenna in the q-th time slot (q=0, 1) and h m,n,0 is the complex channel path gain between the n-th transmit antenna and the m-th receive antenna. STBC-JTRD decoding to get the decision variabled j , j=0, 1, is represented as where r q,m is the q-th received symbol in a codeword received by the m-th receive antenna. Figure 2 illustrates the transmitter/receiver structure for DSSS using frequency-domain STBC-JTRD. Throughout the paper, chip-spaced discrete time representation of the transmitted signal is used. In what follows, without loss of generality, we assume the transmission of one codeword (transmission of JN c /SF data symbols {d(i); i=0∼(J(N c /SF) − 1)}).
Frequency-Domain STBC-JTRD for DSSS

Frequency-Domain STBC-JTRD Encoding
At the transmitter, a sequence of data modulated symbols {d(i)} is spread using a complex spreading code {c(u); u=0∼(JN c − 1)} with |c(u)|=1 having the spreading factor SF. The resultant DSSS signal is divided into a sequence of blocks of N c chips each. The j-th chip block {s j (t); t=0∼(N c − 1)} is expressed, using the equivalent low-pass representation, as
where x is the largest integer smaller than or equal to x. N c -point fast Fourier transform (FFT) is applied to decompose the j-th chip block into N c frequency components
The J consecutive k-th frequency components {S j (k); j=0∼(J − 1)} is encoded into N t parallel codewords. The n-th parallel codeword (n=0∼(N t − 1)) is composed of Q consecutive blocks {S q,n (k); q=0∼(Q − 1)} for the transmission from the n-th transmit antenna. When N r =1, an information symbol block is encoded into a codeword {S 0,n (k)}, n=0∼(N t − 1), as
When N r =2, the J=2 information symbol blocks are encoded into two codewords, each consisting of Q=2 consecutive blocks {S 0,n (k),S 1,n (k)}, n=0∼(N t − 1), as
(5b)
When N r =3 and 4, the J=3 information symbol blocks are encoded into four codewords, each consisting of Q=4 consecutive blocks {S q,n (k); q=0∼3}, n=0∼
In Eq. (5), w m,n (k), m=0∼(N r − 1) and n=0∼(N t − 1), is the MMSE pre-equalization weight, which will be derived in Sect. 4. C N r is the power normalization factor, given by
which acts as transmit power control factor. After STBC-JTRD encoding, N c -point IFFT is applied to each one of the N t codewords to generate the N t timedomain DSSS signal blocks. The q-th time-domain DSSS signal block {s q,n (t); t=0∼(N c − 1)}, to be transmitted from the n-th transmit antenna n=0∼(N t − 1), is given bỹ
where E c and T c denote the transmit chip energy and the chip period, respectively. After inserting a cyclic prefix of N g chips into the guard interval (GI), N t DSSS signal blocks of (N c + N g ) chips each are transmitted from all the N t transmit antennas.
Frequency-Domain STBC-JTRD Decoding
A superposition of N t transmitted signal blocks is received via a frequency-selective fading channel at N r receive antennas. We assume a chip-spaced L-path frequency-selective block fading channel. The channel impulse response h m,n (τ) is expressed as
where h m,n,l and τ l are the complex-valued path gain and time delay of the l-th propagation path between the n-th transmit antenna and the m-th receive antenna. The q-th block r q,m (t), in a codeword, received by the m-th receive antenna, can be expressed as
where η q,m (t) is the additive white Gaussian noise (AWGN) process with a zero mean and a variance 2N 0 /T c with N 0 being the single-sided power spectrum density. After the removal of the GI, {r q,m (t); t=0∼(N c − 1)} is decomposed by N c -point FFT into N c frequency components:
Substituting Eq. (9) into Eq. (10), the k-th frequency component R q,m (k) of the q-th block is given by
where
Frequency-domain STBC-JTRD decoding is carried out on {R q,m (k); q=0∼(Q − 1), m=0∼(N r − 1)} as follows:
Then, N c -point IFFT is applied to transform {Ŝ j (k); k=0∼(N c − 1)} into the time-domain signal block aŝ
Finally, despreading is performed to get the decision variabled(i) for the i-th data symbol d(i) aŝ
based on which the data demodulation is carried out, where 
Hence, frequency-domain STBC-JTRD decoding of Eq. (13b) can be replaced by
Equivalent time-domain decoding for N r =1, 3 and 4 are omitted for the sake of brevity.
MMSE Pre-Equalization Weight
For the single-carrier transmission (including DS-CDMA) using pre-FDE, a good BER performance can be achieved by using the minimum mean square error (MMSE) weight that minimizes the mean square error (MSE) between the transmit signal and the received signal [9] , [10] . In this paper, we will derive the MMSE weight for the frequencydomain STBC-JTRD. Since the frequency-domain STBC-JTRD encoding alters the transmitted signal spectrum shape in a frequency-selective fading channel, the signal-to-noise power ratio (SNR) is inproportional to the MSE [10] . Therefore, in this paper, we introduce the relative equalization error e(k) defined as
Since the same data symbol is spread over all frequencies, the BER performance achievable with frequency-domain STBC-JTRD depends on the sum of the mean square relative equalization errors given as
We can find the MMSE pre-equalization weight w m,n (k) that minimizes Eq. (19), i.e.,
for all k=0∼(N c − 1), m=0∼(N r − 1) and n=0∼(N t − 1). After some manipulations, the following MMSE pre-equalization weight is obtained:
where E s = E c SF is the symbol energy and
BER Analysis
The conditional BER of DSSS using frequency-domain STBC-JTRD based on the Gaussian approximation of the inter-chip interference (ICI) is derived in a frequencyselective fading channel. Without loss of generality, we assume all "1" transmission and that the 0-th data symbol d(0) is to be detected. Substituting Eq. (13) into Eq. (14),ŝ 0 (t)can be rewritten aŝ
WhereĤ N r (k) andη(t) respectively denote the equivalent channel gain and the noise, given bŷ 
where the first term represents the desired signal component and the second and third terms denote the ICI component and the noise component due to the AWGN, respectively. µ ICI and µ noise are given by
and
It can be understood from Eq. (26) 
Since the ICI can be assumed to be circularly symmetric, the conditional BER for the given H 
)dt is the complementary error function. γ N r (E s /N 0 , H) is the conditional signalto-interference plus noise power ratio (SINR) and is given by
whereĤ N r (k) is given by Eq. (24). The average BER can be numerically evaluated by averaging Eq. (30) over all the possible H as
Numerical and Simulation Results
The numerical and simulation conditions are shown in Table 2 . We assume N c =256, N g =32, and a chip-spaced L=16-path frequency-selective block Rayleigh fading channel with uniform power delay profile (i.e., the ensemble av-
The ideal channel estimation for frequency-domain STBC-JTRD encoding is assumed. For comparison, we also evaluate, by computer simulation, the average BER performance of STTD with MMSE-FDE reception jointly used with MRC receive antenna diversity combining [14] .
The numerical evaluation of the theoretical average BER performance is done by Monte-Carlo numerical computation method as follows. The set of path gains {h m,n,l ; m=0∼(N r − 1), n=0∼(N t − 1) and l=0∼(L − 1)} of an Lpath Rayleigh fading channel is generated for obtaining {H m,n (k); k=0∼(N c − 1)} using Eq. (12) and then {w m,n (k); m=0∼(N r − 1), n=0∼(N t − 1) and k=0∼(N c − 1)} is computed using Eq. (21). The conditional BER for the given transmit E s /N 0 and H is computed using Eq. (30). This is repeated a sufficient number of times to obtain the average
The BER performance is also measured by computer simulation of the signal transmission. The computer simulation is carried out as follows. At the transmitter, a binary sequence is generated, QPSK data-modulated and then spread by a PN-sequence of 4095 chips. After an L=16-path Rayleigh fading channel is generated, the channel gains {H m,n (k); k=0∼(N c − 1)} are computed using Eq. (12) and the pre-equalization weight w m,n (k) is computed using Eq. (21). Then, the frequency-domain STBC-JTRD encoded DSSS signal is generated by performing N c -point IFFT (see Eq. (7)). At the receiver, after generating the received DSSS signal according to Eq. (9), the frequencydomain STBC-JTRD decoding is carried out in the timedomain as Eq. (17). Despreading is carried out to obtain the decision variables. The recovered binary sequence is compared with the transmitted binary sequence to measure the number of bit errors. The above transmission and reception procedure is repeated a sufficient number of times to compute the average BER. Figure 4 shows the BER performance of frequency- domain STBC-JTRD with SF as a parameter when N t =2.
As SF increases, the BER performance improves since the ICI can be better suppressed. However, the performance improvement by increasing the value of SF becomes less for N r =4 receive antennas. The reduction of the required E b /N 0 for obtaining BER=10 −4 is 1.6 dB by increasing SF from 1 to 16 when N r =1, but it is only 0.2 dB when N r =4. This is because, for a large number of receiver antennas, the equivalent channel gain varies less in the frequency-domain (i.e., the channel becomes close to a frequency-nonselective channel), and hence the ICI can be sufficiently suppressed. In Figs. 3 and 4 , a good agreement is seen between the theoretical and simulated results. This confirms our theoretical analysis based on the Gaussian approximation of the ICI.
Comparison of Frequency-Domain STBC-JTRD and
Joint STTD&FDE Reception Figure 5 compares the average BER performances of frequency-domain STBC-JTRD and joint STTD&FDE reception [14] (called frequency-domain STTD in this paper) with N t as a parameter for SF = 1, 16. Figure 6 compares the average BER performances with N r as a parameter. Similar to Sect. 5, we have derived the received SINR expression for DSSS using frequency-domain STTD, whose SINR is given by Eq. (31) but with N r being replaced by N t (its derivation is omitted for the sake of brevity). It is seen from Fig. 5 that the performance improvement of frequency-domain STBC-JTRD by increasing N t is larger than frequency-domain STTD, since the received SINR of STTD is reduced by a factor of 1/N t than STBC-JTRD.
STBC-JTRD is compared with STTD [15] - [19] in Table 3. When N t > 2, the coding-rate is reduced to R=3/4 for frequency-domain STTD, but it is kept as R=1 for frequency-domain STBC-JTRD. On the other hand, it can be seen from Fig. 6 that when N r is increased, the BER per- formance of frequency-domain STTD is significantly improved, while that of frequency-domain STBC-JTRD is only slightly improved. Therefore, the use of frequencydomain STBC-JTRD is advantageous for the downlink applications where the number of antennas at a mobile terminal is limited due to space limitation while a relatively large number of antennas can be implemented at a base station. Frequency-domain STTD is a good option for the uplink applications.
Conclusion
In this paper, we proposed the frequency-domain space-time block coded-joint transmit/receive diversity (frequencydomain STBC-JTRD) for DSSS signal transmission. Frequency-domain STBC-JTRD requires channel state in- formation (CSI) only at a transmitter side. The BER analysis was presented based on the Gaussian approximation of the inter-chip interference (ICI). The average BER performance was numerically evaluated and was confirmed by computer simulation. The performance comparison between frequency-domain STBC-JTRD and frequencydomain STTD showed that the BER performance improvement, by increasing the number of transmit antennas, is larger for frequency-domain STBC-JTRD than for frequency-domain STTD. In frequency-domain STBC-JTRD, an arbitrary number of transmit antennas can be used without reducing the coding rate when 2 receive antennas are used; however the coding rate reduces to 3/4 when 3 or 4 receive antennas are used. Frequency-domain STBC-JTRD is suitable for the downlink (base-to-mobile) applications since most of the antennas can be implemented at the base station for the given total number of antennas.
In this paper, we presented the frequency-domain STBC-JTRD coding of up to N r =4 receive antennas. It is an open problem to find the frequency-domain STBC-JTRD with N r > 5 receive antennas.
ICI of µ ICI can be given by 
